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In Brief
The regular spacing of lateral organs
along the longitudinal axis of the root is
guaranteed by a pre-patterning
mechanism involving oscillatory gene
expression in a sub-apical part of the
root. Xuan et al. reveal that a root cap-
derived auxin source regulates this
process by influencing the amplitude of
oscillatory gene expression.
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During the exploration of the soil by plant roots, up-
take of water and nutrients can be greatly fostered
by a regular spacing of lateral roots (LRs). In the Ara-
bidopsis root, a regular branching pattern depends
on oscillatory gene activity to create prebranch sites,
patches of cells competent to form LRs. Thus far, the
molecular components regulating the oscillations
still remain unclear. Here, we show that a local auxin
source in the root cap, derived from the auxin precur-
sor indole-3-butyric acid (IBA), modulates the oscil-
lation amplitude, which in turn determines whether
a prebranch site is created or not. Moreover, tran-
scriptome profiling identified novel and IBA-regu-
lated components of root patterning, such as the
MEMBRANE-ASSOCIATED KINASE REGULATOR4
(MAKR4) that converts the prebranch sites into a
regular spacing of lateral organs. Thus, the spatio-
temporal patterning of roots is fine-tuned by the
root cap-specific conversion pathway of IBA to auxin
and the subsequent induction of MAKR4.
RESULTS AND DISCUSSION
Plants have evolved a wide range of strategies to take up plant
growth-limiting resources, such as nitrogen, phosphorus, and
water from the soil. One of these below-ground strategies is
the spatial configuration of the root system that not only gua-
rantees an optimal distribution of roots but that also furnishes
the plant with a highly flexible system to respond to changing
edaphic conditions. The plasticity of roots to adapt to certain
environmental conditions is phenomenal and relies on the
availability of ample stem cells (also referred to as founder
cells) that can form new lateral roots (LRs). LRs are formed
along the primary root following an intrinsic regular patterning
that can be modified upon changing growth conditions. Un-
derstanding the molecular mechanisms controlling this regular
patterning of LRs along the primary root is a major challengeCurrent Biology 25, 138[1, 2]. In the model plant Arabidopsis, the sequential formation
of LRs begins with an oscillatory gene activity in the primary
root, which creates prebranch sites containing cells that
have become competent to form a LR but that are not neces-
sarily used by the plant [1]. The high frequency of prebranch
sites therefore represents a large store of LR-competent cells
vital to the highly developed plasticity of roots. Oscillation dy-
namics can be visualized by the auxin signaling output re-
porter DR5:Luciferase in the oscillation zone (OZ) that shows
an oscillation period of 6 hr in 2-day-old seedlings (Fig-
ure S1A) [1, 3]. In the OZ, a subset of xylem pole pericycle
(XPP) cells are prepared to become involved in LR formation,
a process that has earlier been referred to as priming and
that is hallmarked by the expression of the GATA23 gene (Fig-
ures S1B and S1C) [4]. Due to the elongation growth of the
primary root, the cells of the OZ become displaced shootward
while maintaining the DR5 expression. This process is re-
peated with the frequency of the clock, and sites with main-
tained DR5 expression are referred to as prebranch sites.
Subsequently, pericycle cells within the prebranch sites
become specified as founder cells, which is immediately fol-
lowed by the first asymmetric cell divisions that denote the
start of a new primordium and is considered as LR initiation.
The local accumulation of DR5 activity, reporting the cell’s
responsiveness to the plant hormone auxin, appears to be a
general mechanism to position various organs and tissues in
Arabidopsis [5–11]. However, the exact role of auxin during
root pre-patterning remains elusive.Auxin Perception Is Required to Translate the
Oscillation Signal
To clarify the role of auxin in the process of root pre-
patterning, we examined whether auxin perception is required
to control the oscillation in DR5 activity. In Arabidopsis, auxin
is perceived by the TRANSPORT INHIBITOR RESPONSE1
(TIR1)/AUXIN-RELATED F-BOX (AFB) members of the F-box
protein family that act in concert with Aux/indole-3-acetic
acid (IAA) transcriptional repressors to control auxin response
[12]. TIR1 and AFB2 were predominantly found to be ex-
pressed in the OZ (Figure S1D). In tir1afb2 double mutants,
the number of prebranch sites, LRs, and LR primordia (LRP)1–1388, May 18, 2015 ª2015 Elsevier Ltd All rights reserved 1381
Prebranch site
number
#
0
5
10
15
20
25
30
Primordium
number
#
0
10
20
30
40
50
Lateral root 
number
#
0
10
20
30
40
Col-0 tir1afb2
DR5:Luciferase
Time (min)
0 200 400 600 800 1000 1200
Lu
m
in
es
ce
nc
e
(A
D
U
10
m
in
-1
)
0
20
40
60
80 Col-0
tir1afb2
Prebranch site
OZ
OZ
MZ
CA
E
Col-0 tir1afb2
OZ
Prebranch
site
OZ
D
I
II
III
IV
V-VII
OZ
Lateral
roots
Primordia
stages
Col-0 tir1afb2
R
oo
tg
ro
w
th
di
re
ct
io
n B
Figure 1. Auxin Receptor-Dependent Auxin Signaling Is Required for Prebranch Site Formation
(A) Schematic representation of the distribution of LRP and LRs along the primary root in 8-day-old Col-0 and tir1afb2 seedlings (n = 10). Red triangles indicate
individual seedlings. The color code corresponds to different LRP stages and is explained in (B).
(B) Schematic representation of a seedling with indication of the OZ and color-coded LRP stages and LRs.
(C) Root phenotype and DR5:Luciferase expression in roots of Col-0 and tir1afb2 double mutant seedlings. Bright-field images were taken from 8-day-old
seedlings (the scale bar represents 0.5 cm), and DR5:Luciferase was recorded in 3-day-old seedlings (the scale bar represents 0.1 cm).
(D) Quantification of the number of LRs, prebranch sites, and LRP in 8-day-old Col-0 and tir1afb2 seedlings (n = 10). Error bars represent SD.
(E) Quantification of DR5:Luciferase signal in 3-day-old Col-0 and tir1afb2 seedlings following prebranch site formation over 20 hr (n = 15). MZ, meristem zone;
OZ, oscillation zone. Error bars represent SD.
See also Figure S1.was severely reduced without slowing down the primary root
growth (Figures 1A–1D; Figures S1E and S1F). This reduction
in prebranch site number could not be attributed to an altered
DR5 oscillation frequency (Figure 2C; Figure S2E). Interest-
ingly, real-time measurements of DR5 signal intensities in
the OZ revealed that the levels of DR5:Luciferase expression
were strongly decreased in tir1afb2 double mutants. Second,
the weak DR5:Luciferase signal was in the majority of the
cases not maintained but instead gradually disappeared (Fig-
ure 1E; Movie S1). This is in accordance with the reduced
number of prebranch sites and LRP in the mutants and indi-
cates that the amplitude of DR5 oscillation depends on auxin
perception.1382 Current Biology 25, 1381–1388, May 18, 2015 ª2015 Elsevier LThe IBA-to-IAA Conversion Controls the Oscillation
Amplitude
Previously, we have shown that the local conversion of indole-
3-butyric acid (IBA) into IAA leads to a local auxin source that
contributes to a spatially restricted auxin response in the OZ
[13]. We assessed whether genetic perturbations of the IBA-
to-IAA conversion pathway affect the DR5 oscillations. The
ibr1ibr3ibr10 and ech2ibr1ibr3ibr10 mutants are defective in
enzymes of the IBA-to-IAA conversion pathway and have a
reduced number of prebranch sites, LRs, and LRP (Figures
2A and 2B) [14–16], which reveals a correlation between the
IBA-to-IAA conversion efficiency and prebranch site formation.
This was also reflected in a failure to induce LRs in 19.6% andtd All rights reserved
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25.0% of the root curves in gravistimulated ibr1ibr3ibr10 and
ech2ibr1ibr3ibr10 seedlings, respectively, while the gravitropic
response was not altered in these mutants (Figure 2B; Figures
S2A–S2D). The oscillation frequency in 3-day-old ibr1ibr3ibr10
and ech2ibr1ibr3ibr10 mutants was similar to the wild-type
(WT) and the tir1afb2 double mutant (Figures 2C and 2G; Fig-
ure S2E), indicating that the frequency of the oscillations is
not the singular determining parameter involved in root pre-
patterning.
Importantly, we observed a sustained decrease of the
DR5 signal intensity in the OZ of the ibr1ibr3ibr10 and
ech2ibr1ibr3ibr10 mutants (73.8% and 54.5% of the WT level,
respectively), similar to the tir1afb2 mutant (46.8% of the WT
level; Figures 2D and 2G; Figures S2F and S2G; Movie S1).
This decrease correlates with a diminution of the number of pre-
branch sites and LRs in the ibr1ibr3ibr10, ech2ibr1ibr3ibr10, and
tir1afb2 mutants (65.5%, 44.2%, and 22.7% of the WT level,
respectively; Figures 2E and 2F). In contrast, exogenous applica-
tion of IBA substantially increased the number of LRs in a dose-
dependent manner (Figures S2H and S2I). In seedlings treated
with 1 mM IBA, both the DR5 oscillation amplitude and the fre-
quency (136.3% and 135.9% of the WT level, respectively)
were significantly higher than in mock-treated seedlings, result-
ing in a strongly increased number of prebranch sites and LRs
(167.7% of the WT level; Figures 2C–2G). These data suggest
that the amplitude of theDR5 oscillation in the OZ is an important
factor that regulates the formation of prebranch sites and subse-
quent LRs.
An Auxin Source Derived fromRoot CapCells Feeds into
the Root Clock
Based on the expression pattern of IBA-to-IAA conversion
genes, we previously suggested that the IBA-to-IAA conversion
creates a local auxin source in the root cap [13]. Analysis of
DR5:GUS expression patterns showed that, unlike IAA, exoge-
nous IBA specifically induced an auxin response maximum in
the root cap and the OZ that is dependent on IBA-to-IAA con-
version enzymes (Figure 3A). Therefore, we investigated the
contribution of different root cap tissues to the IBA response
and to the pre-patterning of the root. A GAL4-based transacti-
vation approach was applied to target the expression of IBR3
in different root cap tissues in the ibr3 mutant background
[17]. The ibr3 mutant did not respond to treatments with IBA
or with naxillin, a synthetic compound that promotes IBA-to-
IAA conversion (Figures 3C and 3D) [13]. A XPP driver line
(J0121) was included to evaluate whether a potential IBA-to-
IAA conversion is occurring in the pericycle itself. IBA resistanceFigure 2. IBA-to-IAA Conversion Regulates the Oscillation Amplitude a
(A and B) Analysis of DR5:Luciferase expression and quantification of the number
index in 8-day-old Col-0, ibr1ibr3ibr10 triple mutant, and ech2ibr1ibr3ibr10 quad
arrows indicate prebranch sites. OZ, oscillation zone. Error bars represent SD (n =
code labels the significant differences between the genotypes.
(C–E) Boxplots showing the quantification of the oscillation frequency and amplit
(F) Boxplots showing the number of LRs derived from the oscillations, determined
Tukey’s test as post hoc analysis; letter code labels the significant differences b
(G) Kymograph of DR5:Luciferase intensity along the primary root of 3-day-old tra
intensity is color coded (see color code in the bottom left corner of the panels) a
dashed lines indicate the position of the OZ over time.
1384 Current Biology 25, 1381–1388, May 18, 2015 ª2015 Elsevier Lor naxillin resistance of the ibr3 mutant toward LR development
could be completely rescued by expressing IBR3 under the
control of the native promoter or transactivating IBR3 in the
expression domain of J3411 (lateral root cap) and J0951 (outer
lateral root cap cells, epidermis, and pericycle in the differenti-
ation zone) [18], but not of J1092 (lateral root cap initials),
J0121 (XPP cells), or GOLVEN5 promoter (columella) (Figures
3B–3D; Figure S3A) [19]. These results imply that the IBA-to-
IAA conversion pathway is active specifically in the outer lateral
root cap cells to produce IBA-derived auxin, which conse-
quently stimulates LR formation.
Furthermore, we analyzed root tip segments to confirm that
this local root cap auxin source is sufficient to control DR5 oscil-
lation in the OZ. Applying IBA to root tip segments including only
the meristem and the OZ strongly induces DR5 response in the
root cap and the OZ, thus promoting prebranch site and LR
formation in a ibr1ibr3ibr10-dependent manner, whereas no
prebranch site or LR could be detected in mock-treated root
tip segments (Figures S3B–S3D). Additionally, unlike the auxin
analog NAA, the auxin precursor IBA failed to promote pre-
branch site production in the root segment lacking the root mer-
istem andOZ (Figure S3E). Taken together, these results indicate
that, independently from auxin sources derived from the shoot, a
root cap-specific IBA-to-IAA conversion is capable of creating a
local auxin source that contributes to the amplitude of oscilla-
tions, which in turn is essential for root pre-patterning.
Factors Downstream of the IBA-to-IAA Conversion
Regulate Root Patterning
To identify downstream processes induced by IBA-derived auxin
in the root cap, we performed a transcriptome profiling on Col-0
and ibr1ibr3ibr10 triple mutant root tip segments 6 hr after IBA
treatment (Figure 4A). 66 genes were induced by IBA in an IBR1
IBR3 IBR10-dependent manner (Table S1; see Supplemental
Experimental Procedures and eFP browser http://bar.utoronto.
ca/efp/cgi-bin/efpWeb.cgi?dataSource=Lateral_Root_Initiation)
[20]. Gene ontology analysis revealed that genes involved in the
response to auxin stimulus were significantly enriched among
these 66 genes (Table S1).
To detect candidate genes downstream of the endogenous
IBA-to-IAA conversion pathway, we selected genes that
were also significantly upregulated by naxillin, the synthetic
IBA-to-IAA conversion-promoting compound. We identified
two Gretchen Hagen3 (GH3) genes, GH3.3 and GH3.6, that
encode acyl-acid-amido synthetases and that are involved in
auxin and jasmonic acid homeostasis (Figure S4A; Table S1)
[21–23]. Analyzed by means of transcriptional reporters, GH3.6nd the Prebranch Site Number
of prebranch sites, LRs, and LRP, the primary root (PR) length, and gravitropic
ruple mutant seedlings. Images were overlayed with bright-field images. Red
10). p < 0.05 by one-way ANOVA and Tukey’s test as post hoc analysis; letter
ude of DR5:Luciferase and the prebranch site number in 3-day-old seedlings.
after another 4 days. Error bars represent SD (p < 0.05 by one-way ANOVA and
etween the genotypes, n > 15 seedlings).
nsgenic lines after treatment with or without IBA over 20 hr. DR5 luminescence
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Figure 3. An Auxin Source Derived from Root Cap-Specific IBA-to-IAA Conversion Regulates Root Patterning
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was found to be specifically expressed in the root cap, whereas
GH3.3 was found to be expressed in the columella, the meriste-
matic protoxylem pole, early LRP stages, and the overlaying tis-
sues surrounding the LRP (Figures S4B and S4D). Temporal
expression analysis showed that GH3.6 was not oscillating
(Figure S4C). In addition, the number of LRs in gh3.3 and gh3.6
single and double mutants was not altered (Figure S4E).
Nonetheless, estradiol-inducible overexpression of GH3.3 and
GH3.6 severely reduced the number of prebranch sites and
LRs (Figures S4F and S4G). These results suggest that, upon
IBA application, auxin conjugation enzymes are upregulated to
moderate the excess amount of free IAA produced as a result
of enhanced IBA-to-IAA conversion. As a consequence, auxin
conjugation might assist root pre-patterning by controlling the
levels of IBA-derived auxin in the root cap.
To select the molecular components that function in root pre-
patterning downstream of IBA-to-IAA conversion, we searched
for genes that were expressed in phase or anti-phase with
DR5 oscillations in the OZ [1] and induced by auxin in the peri-
cycle layer where LR organogenesis occurs [24]. Among these
genes, theMEMBRANE-ASSOCIATED KINASE REGULATOR4
(MAKR4) gene was of particular interest because it belongs to a
family of sevenmembers putatively involved in distinct signaling
pathways [25]. qRT-PCR results confirmed that MAKR4 was
5-fold upregulated upon IBA treatment in an IBR1 IBR3
IBR10-dependent manner (Figure S4A). Transcriptional anal-
ysis of the MAKR4 promoter driving GUS or Click Beetle lucif-
erase (CBGr99) showed that MAKR4 is specifically expressed
in the protoxylem pole of the meristem (Figures S4H and S4I)
[26]; however, unlike DR5, MAKR4 expression is very weak in
the OZ but becomes much stronger in newly formed prebranch
sites (Figures 4B and 4C). In addition, MAKR4 is expressed in
newly formed prebranch sites every 4 hours, which corre-
sponds to the oscillation frequency of DR5 in the OZ (Figures
4B–4D; Movie S2). Exogenous application of IBA or IAA leads
to increased MAKR4 expression in the root meristem (Fig-
ure S4H). At the cellular level, the MAKR4 protein accumulates
at the plasma membrane of the pericycle cells before nuclear
migration and cell division events, which mark the start of the
LR initiation process (Figure 4E; Figure S4J) [4]. Subsequently,
the MAKR4 protein is expressed in overlaying cell layers
of early-stage LRP (Figure 4F; Movie S3). Accordingly, the
makr4-1 mutant and the estradiol-inducible artificial microRNA
interference (amiRNAi) lines directed to MAKR4 had unaltered
prebranch sites numbers but produced significantly fewer LRs
and LRP than the WT (Figures 4G–4I; Figures S4K–S4O),
whereas MAKR4 overexpression promoted LR formation (Fig-
ures S4P and S4Q). These results were confirmed by the com-
plementation of the makr4-1 mutant LR phenotype expressing
the MAKR4 protein under its endogenous promoter (Fig-
ure S4O). Taken together, we propose that MAKR4 functions
downstream of the IBA-to-IAA conversion pathway and is(B) Schematic representation of a longitudinal section of the primary Arabidopsis r
trap lines used. The enhancer trap lines J3411, J0951, and J1092 were expressed
in the pericycle associated with the xylem poles. The IBR3 and GLV5 promoters
(C and D) Root phenotypes and LR numbers of enhancer trap lines trans-activat
were treated with or without 1 mM IBA or 5 mMNaxillin for 5 days. The scale bar re
and Tukey’s test as post hoc analysis; letter code labels the significant differenc
1386 Current Biology 25, 1381–1388, May 18, 2015 ª2015 Elsevier Lrequired to successfully convert a prebranch site into a LR
(Figure 4J).
In conclusion, we present evidence that root cap-specific
IBA-to-IAA conversion creates a local auxin source that mod-
ulates the oscillation amplitude, an important parameter
determining whether or not a pulse of DR5 expression is
translated into a prebranch site. Although it has been shown
that this root pre-patterning process cannot be altered by
exogenous application of IAA [1], our data strongly suggest
that a highly regulated and cell-type-specific increase in auxin
derived from the root cap has a particular impact on the
amplitude of oscillations, which is an important condition to
establish prebranch sites in the root. MAKR4 is a molecular
component that acts downstream of the oscillation signal
from the OZ in the root tip and converts the prebranch sites
into lateral organs along the primary root. In 1880, Darwin
had already proposed that the very tip of the root is highly
suitable for sensing external stimuli and conveying them to
the upper part of the root to optimize root growth under
changing soil conditions [27]. Our data support this visionary
statement by extending the role of the tip to the LR branching,
which contributes in patterning the architecture of the root
system.SUPPLEMENTAL INFORMATION
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Figure 4. MAKR4 Acts Downstream of the IBA-to-IAA Conversion to Regulate LR Development
(A) Schematic representation of a seedling with indication of the root zone (red box) used for transcript profiling of Col-0 and ibr1ibr3ibr10 triple mutant seedlings
after IBA treatment. The scale bar represents 0.5 mm.
(B) pMAKR4:CBG99 expression in 3-day-old seedlings. Luciferase image was overlayed with bright-field (BF) image in the right panel.
(C) Kymograph based on quantification of pMAKR4:CBG99 intensity along the primary root during 24 hr. The scale bar represents 0.2 cm.
(legend continued on next page)
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